Effects of degree of obesity on basal concentrations of insulin, glucose, thyroxine (T4) , triiodothyronine (T3), estradiol-17B (E) and progesterone (P) were measured in serum from 50 estrous and 73 diestrous Holstein heifers and the insulin response to glucose infusion was assessed in diestrous obese (n = 7) and lean (n = 7) heifers. Basal concentrations of glucose, T4, T3, E and P were not correlated with degree of obesity, although concentrations of glucose, T 4 and T 3 were higher (P<.05) at estrus than diestrus. Basal concentrations of insulin at estrus and diestms were positively correlated (r = .6; P<.O01) with degree of obesity but this relationship was different (P<.001) between estrus and diestrus. Furthermore, there was interaction (P<.O01) between body condition and stage of the estrous cycle only for basal concentrations (mean + SE) of insulin, with the difference in insulin levels 0aU/ml) between 12 obese and 12 lean heifers at diestrus (11.7 -+ 1.3 vs 6.7 + .6; P<.05) increasing during estrus (21.9 -+ 2.4 vs 10.8 + 1.3; P<.O01). Insulin response to glucose infusion was greater in obese than in lean heifers, whether determined as actual concentration (P<.01) or as insulin response areas (P<.05) above base-line concentrations. Obese heifers were less responsive to insulin since hyperinsulinemia and euglycemia coexisted, and because glucose fractional removal rates were similar in both groups after glucose infusion in spite of greater concentrations of insulin in obese heifers. Thus, obesity in heifers was associated with insulin resistance, basal hyperinsulinemia and greater glucose-induced secretion of insulin.
Introduction
Insulin metabolism in obese humans is characterized by a positive correlation between degree of obesity and basal plasma concentrations of insulin, resistance to the cellular effects of insulin, and an exaggerated insulin response to administration of glucose. These characteristics are now well documented in humans (Rabinowitz, 1970) , laboratory rodents (Bray and York, 1971) and in certain breeds of swine (Wangsness et al., 1977) . Effects of x The authors are grateful to Dr. J. R. Stouffer for determining depth of subcutaneous fat by ultrasound and Dr. R. D. Smith for assisting with body condition scoring of the heifers. 2Part of this work was presented in 1982 as an invited paper at the 74th Annu. Meet. of the Amer. Soc. of Anim. Sci. at the Univ. of Guelph, Canada.
3 Address correspondence to Dr. Joseph P. obesity on insulin and glucose metabolism in ruminants and other nonruminant species are not known. Differences in metabolism between ruminants and nonruminants may cause obesity to affect insulin and glucose metabolism differently in ruminants than in nonruminants. Therefore, the objectives of this study were to determine the effects of obesity on insulin metabolism in cyclic heifers and to compare the results with data in nonruminants.
Materials and Methods
Animals. Nulliparous Holstein heifers with normal estrous cycles were used. They were purchased from farmers and auction markets throughout New York. Heifers were housed in individual stalls in the same barn and exposed to the same management and environmental conditions. Heifers were observed outdoors in a paddock for signs of estrus between 0900 and 1030 h daily, when they had free access to a trace mineral-salt mixture. Heifers standing to be mounted by a bull with a deviated penis or another heifer were considered to be in estrus (d 0 of estrous cycle). The age of each heifer was estimated on the basis of the number of 772 J. Anim. Sci. 1986 . 62:772-782 pairs of permanent incisor teeth. Heifers were at the farm 6 mo to 2 yr before they were used in an experiment. The exact cause(s) of obesityis not known, but we speculate that the obesity was associated with excess voluntary intake of feed when heifers previously had free access to grass or corn silage. Heifers were selected from the farm herd on the basis of their body condition, determined using the criteria presentedbelow.
Degree of Obesity and Insulin Concentrations
Exp. 1. This preliminary experiment was conducted in June 1981 to determine if basal concentrations of insulin were correlated with degree of obesity in heifers (n = 23). Concentrations of insulin were determined in serum obtained from blood samples collected by jugular venipuncture at 0800 h on d 10 to 12 of the estrous cycle (diestrus). Heifers were fed individually 12 to 18 kg of grass silage at 1030 to 1130 h and 4 to 7 kg of timothy-grass hay at 1530 to 1630 h daily. The ration was fed (kg/100 kg) according to body weight for maintenance of body weight. Heifers were between 2.5 and 4 yr of age.
Exp. 2. Exp. 1 was replicated in March and
April 1982 using a different group of heifers (n = 50) that were between 3 and 4 yr of age. Blood samples were collected (0800 h) by jugular venipuncture within one estrous cycle from the same estrous and diestrous (d 12) heifers to determine if changes in insulin concentrations with degree of obesity were affected by stage of the cycle. Samples from heifers in estrus were obtained by beginning bleedings 3 d before expected estrus and continuing until heifers were detected in estrus. Serum concentrations of glucose, insulin, thyroxine (T4) and triiodothyronine (T3)were determined. In addition, concentrations of insulin, glucose, progesterone and estradiol (estradiol-173) in estrous and diestrous heifers that were grouped as obese (n = 12) or lean (n = 12) were used to examine the factorial effects of body condition and stage of the estrous cycle on insulin and glucose metabolism. These obese and lean heifers were selected randomly from those weighing 520 to 610 kg and 400 to 475 kg, respectively. Four heifers in each of these groups were used in Exp. 4. Heifers were fed (kg/100 kg) individually 12 to 16 kg of corn silage ) at 1030 to 1100 h and 3 to 5 kg of hay (IFN 1-04--983) at 1530 to 1600 h daily according to body weight. Nutrient analysis of the diet (table 1) was done to ensure that heifers were fed according to NRC (1978) requirements for maintenance of'body weight.
Insulin Response to Glucose
Exp. 3. This preliminary experiment was conducted with three obese, three lean and three control heifers in July 1981. Heifers were between 2.5 and 4 yr of age. Body weights (kg) and ranges of body condition scores were, respectively, 604 -+ 17 and 4.5 to 5.0 for obese Each obese and lean heifer received 360 ml of a 50% (w/v) glucose solution s (pH 4.2) by injection (1815 to 1830 h) into the right jugular vein. Control heifers were treated similarly except that they received 360 ml of sterile water (pH 6.1). Water was used instead of saline because the injected glucose was dissolved in sterile water. No adverse reactions or hemolysis of blood was noted after the infusion of the water. Order of treatments was randomized and all injections required 3.5 to 5 rain and were done on the same day. Serum was obtained from blood samples collected by jugular venipuncture from the left jugular vein at 15-min intervals for 4 h starting 1 h before treatment. Concentrations of insulin and glucose were determined in these samples. Heifers were fed as in Exp. 1.
Exp. 4. Exp. 3 was replicated in other obese
(n = 4) and lean (n = 4) heifers in May 1982 when the nutritional and reproductive states and dose of glucose were better controlled. These heifers were selected randomly from obese and lean heifers used in Exp. 2. Fifty percent glucose solution s (pH 4.2) or sterile water (pH 4.2) was infused (.7 ml/kg body weight) into a cannulated jugular vein of each heifer with heifers in each group assigned randomly at the preceding estrus to receive glucose followed by acid water, or the reciprocal, on d 13 and 15 of the cycle. To show that results were repeatable within each group, experiments were repeated in the next cycle except that the sequence of treatments for each heifer was reversed. Glucose and water solutions were infused by peristaltic pump 7 at a mean rate of 204 + 9.0 ml/min in obese and 205 + 9.6 ml/min in lean heifers. The mean infusion time was 1.93 + .11 rain in obese and s Bio-Ceutic Lab., St. Joseph, MO. ~ Jensen-Salsbery Lab., Kansas City, MO. 7Varistaltic Junior Model, Manostat, New York, NY.
s Abbocath, Abbott Hospitals, North Chicago, IL. 9 Becton-Dickinson, Rutherford, NJ. 10 Sigma Chemical Co., St. Louis, MO.
1.57 + .06 min in lean heifers. These infusion rates were used so that we could duplicate the sudden increase in plasma glucose concentrations found in man and rats injected with similar doses of glucose during an intravenous glucose tolerance test. Serum was obtained from blood samples collected by jugular cannula s at 60, 45, 30, 15 and 1 rain before and 2. 5, 5, 10, 15, 20, 30, 40, 50, 60, 80, 100, 120, 140, 160, 180, 210 and 240 min after each glucose or water treatment. Blood was dispensed immediately after collection into duplicate glass tubes 9 maintained in an ice-water bath. One of the duplicates contained no additive (used for insulin analysis), while the other contained 10 mg of sodium fluoride 1~ for inhibition of glycolysis. Heifers were fed as in Exp. 2.
Blood Samples. Blood was stored at 4 C for 8 to 12 b before serum was recovered by centrifugation (4 C) and stored and -20 C until hormones and glucose were quantified. Concentrations of insulin, T4, T 3 and progesterone in blood samples and serum were unaffected by these handling procedures and storage conditions (Reimers et al., 1983) .
Indices of Obesity. Body condition score, body weight, weight-to-height ratio and depth of subcutaneous fat over the shoulder, last rib and rump were used as measurements of degree of obesity. Height to top of shoulders was measured on two separate days with the mean value used in the data analysis. It has been established that differences in body weight and weight-to-height ratio are useful indicators of differences in body fat content of cattle (Klosterman et al., 1968; Reid et al., 1968; Byers, 1982; Thompson et al., 1983; Fox and Black, 1984) . This would be especially true in this study in which animals were of similar age, breed and nutritional state. Body weight and weight-to-height ratio also have been used extensively as estimators of obesity in humans (Bierman and Hirsch, 1981) . Body condition scoring estimated the amount of subcutaneous fat over the lumbar and pelvic areas by palpation of the amount of soft tissue at these sites. A score of 1 indicated extreme leanness, while a score of 5 indicated marked obesity as described and validated by Wildman et al. (1982) . Subcutaneous fat was measured ultrasonically at three sites as described by Wallace et al. (1977) . Body weight and weight-to-height ratio were used as principal indices of obesity because they could be measured easily and objectively. Heifers were weighed between 0800 and 0900 h approximately every 10 d for a period of 60 d encompassing each experiment. There was no significant change in body weight in any of the heifers, thus indicating that they were in steady-state body condition.
Assays. Total progesterone, insulin, total T4 and total T3 in serum were quantified by validated radioimmunoassays (Reimers et al., 1982 (Reimers et al., , 1983 . Radioimmunoassay for estradiol is described below. Serum concentrations of glucose were determined by automated Gilchem reagent system using the method of Trinder 11. All samples for each hormone or glucose from each experiment were assayed on the same day.
Estradiol-173 Radioimmunoassay
Assay Procedure. Lyophilized rabbit antiserum against 173-estradiol-6-carboxymethyloxime-bovine serum albumin 1~ was dissolved with 15 ml of .01 M phosphate-buffered saline (pH 7.2) containing .5% bovine serum albumin 13 and .1% sodium azide 9 (PBS-BSA). Tritiated estradiol-314 in .05 ml of ethanol (approximately 1,500 cpm) was added to serum samples (.5 to 2.0 ml) to monitor extraction losses. Samples were twice extracted sequentially with 5 ml diethylether is and 1 ml deionized water. A dry-ice actone bath was used to freeze the aqueous layer before ether was evaporated under nitrogen flow in a heating block (37 C). The residue after extraction was dissolved in .15 ml benzene:methanol 16 (85:15, v/v) ,which was layered into a Sephadex LH-20 t7 gel column (5.8 X 40 mm) equilibrated with benzene:methanol. Eluate (1.5 ml) containing estradiol was evaporated and the residue redissolved in 1 ml PBS-BSA.
Three hundred microliters of reconstitued extract or solutions of standards (0 to 320 pg/ml) and .4 ml of estradio1-173-11a- Tubes were vortexed and incubated (4 C) for 18 to 24 h. Antibody-estradiol complexes were precipitated by incubation with .1 ml of a cell suspension (1.25% w/v) of Staphylococcus aureus is for 10 to 20 min before 3 ml of cold .05 M phosphate-buffered saline were added. Tubes then were centrifuged at 1,000 x g for 30 min at 4 C. The supernatant was decanted and radioactivity remaining in the precipitate was quantified in an automatic gamma counter m. Data were analyzed using an iterative least-squares regression of percentage binding, as described by Rodbard (1974) .
The amount of 3H in single aliquots (.3 ml) of reconstituted extract in PBS-BSA was quantified for 5 min in a liquid scintillation counter 19 after 5 ml of liquid scintillation cocktail were added to each tube. The cocktail contained 2 liters of toluene zs, 1 liter of triton-X-1002~ and 12 g of premixed scintillation powder 14. Counts per minute for [3H]estradiol were used to calculate recovery of estradiol-17/3 in each sample.
Assay Validation. Serial dilutions of extracts of an ovine plasma pool (estradiol concentration = 40 pg/ml) and a bovine serum pool (estradiol concentration = 154 pg/ml) inhibited binding of tracer to the antibody in a manner parallel to inhibition produced by standard solutions of estradiol-173. Chromatographed extracts of .25, .5, 1 and 2 ml of one ovine plasma and one bovine serum pool also produced inhibition curves that were parallel to the standard curve. There was no significant crossreactivity of 24 other steroids in the radioimmunoassay (table 2) . Mean (-+SE) recoveries in five consecutive radioimmunoassays of estradiol-17/3 added to aliquots of a bovine serum pool were 32 + 4 pg/ml and 87 -+ 9 pg/ml for added concentrations of 30 and 85 pg/ml, respectively. The intra-assay coefficients of variation (CV) for 10 duplicate estimates within a single radioimmunoassay of serum estradiol concentrations of 10, 35 and 133 pg/ml were 17, 15 and 8%, respectively; interassay CV were 23, 19 and 12% for the same samples determined in duplicate in 10 consecutive radioimmunoassays. Sensitivity of the radioimmunoassay was 2.1 pg/ml. Water and solvent blanks without tritiated estradiol-17/3 were assayed in 10 consecutive radioimmunoassays and produced inhibition of binding of tracer to antibody (mean -+ SE) equivalent to 2.1 + 1.3 pg/ml (water) and 1.5 + .2 pg/ml (solvent). Reported concentrations of estradiol-173 were not corrected for water or solvent blank values.
Statistical Analyses. Linear regression analysis determined the relationships between degree of obesity and basal concentrations of hormones or glucose (Steel and Torrie, 1960) . Factorial analysis of variance and Duncan's new multiple range test were used to analyze data in heifers grouped as obese or lean (Steel and Torrie, 1960) . Differences among groups in insulin and glucose levels during glucose or water infusions were analyzed by the method of Gill (1979) . Acute (0 to 15 rain) and total (0 min to return to base line) insulin response areas were calculated by the trapezoid method. Fractional removal rates of infused glucose were determined as described previously (McCann and Reimers, 1985a) . Differences in indices of obesity, regression coefficients from each other and zero, glucose fractional removal rates and insulin response areas were examined by Student's t-test. Values are means -+ SE.
Results

Basal hyperinsulinemia. Basal hormone and
glucose concentrations refer to samples collected from resting animals that were fasted for at least 14 h. Basal concentrations of insulin in diestrous heifers of Exp. 1 were correlated (P<.O05) with body weight (figure 1). Further studies of this relationship in a different year and season (Exp. 2) confirmed that basal concentrations of insulin in serum of estrous and diestrous heifers were correlated positively (P<.005) with degree of obesity as measured by body weight (figure 2) and weight-to-height ratio (figure 3). However, regression coefficients for heifers in estrus were greater (P <.001) than those for the same heifers during diestrus.. There was no relationship between degree of obesity and basal concentrations of glucose, T4 or T3, but concentrations of these and those of insulin were significantly higher in Insulin concentrations in heifers grouped as obese or lean were affected by body condition, stage of the estrous cycle and the interaction between these main effects (table 4). The estrous cycle also affected the levels of glucose and progesterone.
Insulin response to glucose. Serum concentrations of insulin in Exp. 3 after glucose injection were higher (P<.05) in obese than in lean heifers in spite of lower (P<.05) concentrations of glucose at this time in obese than in lean heifers (figure 4). Differences in glucose concentrations reflect the higher glucose dose administered to lean (.43 g/kg body weight) than to obese (.3 g/kg body weight) heifers. Concentrations of insulin and glucose were unaffected by infusion of sterile water.
Although obese and lean heifers used in Exp. 4 were all of similar height and age, obese heifers had more body fat than controls as assessed by body weight, weight-to-height ratio, body condition score and ultrasonic measurement of subcutaneous fat over the shoulder, last rib and rump (table 5). There was no difference in concentrations of insulin and glucose in each group for each infusion of water or glucose. Therefore, data were pooled and the mean for each sampling time used in the final analysis. Concentrations of insulin and glucose in obese and lean heifers were unaffected by infusion of acid water, but insulin concentrations were higher (P<.01) in obese than in lean heifers, while concentrations of glucose were similar (figure 5). Insulin levels before glucose treatment were higher (P<.05) in obese (33.4 + 1.0 /aU/ml) than in lean (21.7 + . Figure 2 . Concentrations of insulin as a function of body weight in the same heifers at estrus and diestrus. Correlation coefficients and regression equations for estrus [F(X) = -23.9 + .O8X] and diestrus [F(X) = -11.9 + .04Xi were significant. Standard errors of estimate (Sy. x) at estrus and diestrus were 6.6 and 3.5, respectively. Regression coefficients at estrus and diestrus were different.
of weight-to-height ratio in the same heifers at estrus and diestrus. Correlation coefficients and regression equations for estrus [F(X) = --.20.9 + lO.6X] and diestrus [F(X) = --5.34 + 4.2X1 were significant. Standard error of estimates (Sy.x) at estrus and diestrus were 6.1 and 3.0, respectively. Regression coefficients at estrus and diestrus were different. Height to top of shoulders was measured in 29 of the 50 heifers shown in figure 2 on two consecutive days at the mid-point of the experiment. Insulin, ~U/ml 15.4 -+ 1.2 9.1 -+ .5 b T4, ng/ml 73.6 -+ 1.8 67.1 + 1.4 b T3, ng/ml .8 -+ .04 .7 -+ .03 c Glucose, mg/100 ml 67.4 -+ .9 64.2 -+ .7 b aBlood samples were collected from the same heifers (n = 50) within one estrous cycle.
bDifferent from estrus (P<.001; paired t-test). CDifferent from estrus (P<.05; paired t-test).
/~U/ml) heifers. Insulin response after glucose infusion was greater (P<.01) in obese than in lean heifers even after allowing for the higher pretreatment concentrations of insulin in obese heifers (figure 6). For example, insulin response areas (/aU/ml'min) above base-line concentrations from 0 to 15 min (1,926 • 356 vs 905 + 98; P<.05) and from 0 to return to base-line (6,778 + 856 vs 3,907 + 516; P<.025) were greater in obese than in lean heifers. Pretreament concentrations of glucose (mg/100 ml) were similar in obese (68 + 3.3) and lean (70 + 1.9) heifers. Concentrations of glucose after glucose infusion decreased exponentially in both groups (figure 6). A monoexponential function, indicating first-order kinetics, best described the removal of injected glucose from blood in obese and lean heifers (figure 7).
Discussion
Our data on basal concentrations of insulin in 73 heifers from experiments controlled for nutritional, reproductive and environmental effects showed that basal hyperinsulinemia existed in obese heifers and that basal concentrations of insulin were correlated positively with degree of obesity. A similar relationship between plasma insulin and degree of obesity (percent of ideal body weight) was reported in 36 men and 9 women (Bagdade et al., 1967; Hansen et al., 1982) .
The relationship between insulin concentrations and degree of obesity was affected by stage of the estrous cycle. This was substantiated by the finding of a significant interaction between stage of the cycle and body condition on insulin concentrations in heifers grouped as obese or lean. Compared to diestrus, estrus was associated with increased glucose concentrations and a modest rise in basal concentrations of insulin in lean heifers, but a marked increase in insulin concentrations in obese heifers. Other investigations have shown that estrus in obese heifers increased the acute insulin response to glucose and antagonized the glucoregulatory effect of insulin (McCann and Reimers, 1985b) . Differences in insulin concentrations between estrus and diestrus were unrelated to differences in feed intakes because heifers fed either maintenance requirements or ad libitum ate the same daily amount irrespective of stage of the estrous cycle (McCann, 1981, J. P. McCann, unpublished data) .
Estradiol is the physiologically dominant ovarian steroid secreted into the blood during estrus, whereas progesterone in the dominant ovarian steroid during diestrus (Moore et al., 1969; Henricks et al., 1972) . Total serum concentrations of estradiol and progesterone at estrus, whereas progesterone is the dominant ovarian steroid during diestrus (Moore eta/., also were unaffected by obesity in women with normal fertility or with polycystic ovarian syndrome (Hosseinian et al., 1976; Plymate et al., 1981) .
Basal concentrations of total T4 and total T 3 in serum were not correlated with obesity, indicating that the association between obesity and insulin in heifers likely was unrelated to abnormal thyroid function. Obesity in humans also was not associated with abnormal levels of thyroid hormones in blood (Glass et al., 1981) .
Data in figures 4 and 6 clearly show that obesity in heifers was associated with an excessive insulin response to exogenous glucose, agreeing with similar data in obese and lean humans (Felig et al., 1969) . It is well established that obesity in nonruminants is associated with resistance to the cellular effects of insulin. Obese heifers were insulin-resistant, too, because basal hyperinsulinemia and euglycemia coexisted and because removal rates of infused glucose were similar in both groups in spite of the higher levels of insulin in the obese heifers after glucose infusion. We used glucose removal rates as a crude indidator of whole body insulin responsiveness. A lesser response to the glucoregulatory effects of exogenous insulin in obese than lean heifers (McCann and Reimers, 1985a) supports the finding of insulin resistance in this study. It is generally understood that basal hyperinsulinemia and greater insuhn response to glucose in obese men and rats are the result of greater insulin secretion by pancreatic ~-cells, and not reduced body catabolism of insulin (Genuth, 1972; McGuire et al., 1979; Seino et al., 1981) . Basal hyperinsulinemia in obese heifers also was the result of a greater secretion rate of insulin and not a reduced body catabolism of insulin (McCann and Reimers, 1985a) .
The relationship between accumulation of adipose mass and hyperinsulinemia in obese heifers is not clear because insulin had no, or only modest, effects on conversion of acetate and glucose carbon to fatty acids in ruminant adipose tissue in vitro (Etherton, 1982; Prior and Smith, 1982) . This subresponsiveness to insulin is concordant with the reported inability of adipocytes from heifers to bind specifically . Glucose removal curves in four obese and four lean heifers after infusion of glucose. Correlation coefficients for regression lines for obese (.995 + .001) and lean (.993 + .002) heifers were significant. Note natural log scale of ordinate. Monoexponential glucose-removal equation (A t = AO e-kt) in obese and lean heifers, respectively, was Ao(m~/ 100 ml) = 401.8 + 16.5, 364.9 • 14.6, and k (min-l) = .044 -+ .003, .050 -+ .003. Corresponding biological half-lifes (t~, min) were 16.2 + 1.2 (obese) and 14.1 + 1.0 (lean).
insulin (Vasilatos et al., 1983) . However, insulin bound specifically to adipocytes of lO-mo-old bull calves without enhancing glucose utilization therein (Vernon et al., 1985) . Thus, it is unclear whether chronic hyperinsulinemia in obesity directly influences lipogenesis in bovine adipocytes.
We conclude that obesity in heifers is associated with greater glucose-induced secretion of insulin and with basal hyperinsulinemia, the extent of which is positively correlated with degree of obesity. In addition, the relationship between degree of obesity and basal hyperinsulinemia in heifers is affected by stage of the estrous cycle. Finally, heifers appear to be similar to some species of nonruminants regarding the effects of obesity on blood concentrations of glucose, insulin, thyroid hormones and ovarian steroids.
